The roles for various regions of the 2b protein in infection, hypervirulence and recombination were examined by introducing stop codons in a chimeric virus containing RNA 1 from the cucumber mosaic virus (CMV strain Q), RNA 3 from the tomato aspermy virus (TAV) and RNA 2 of CMV with a 2b gene from TAV. Chimeric virus expressing the intact 2b protein induced severe symptoms in inoculated Nicotiana clevelandii and Nicotiana glutinosa and facilitated CMV-TAV recombination, while chimeric viruses not expressing 2b protein did not infect plants systemically. Chimeric viruses expressing either the N-terminal 43 or 12 aa of the 2b protein infected both plant species systemically and facilitated CMV-TAV recombination, but induced mild symptoms and no symptoms in the infected plants, respectively. These data suggest that oligopeptides can have important functions in the biology of viruses and prompt a re-examination of existing small ORFs in sequenced virus genomes.
pathogenicity (Ding et al., 1996; Soards et al., 2002; Shi et al., 2002; Lewsey et al., 2009) , virus long-distance movement (Ding et al., 1995 (Ding et al., , 1996 , suppression of RNA silencing (Brigneti et al., 1998; Li et al., 1999; Guo & Ding, 2002; Zhang et al., 2006; Goto et al., 2007; Ye et al., 2009; González et al., 2010) , interference with innate defence pathways (Ji & Ding, 2001; Lewsey et al., 2010) and selection of inter-viral recombinants between CMV strain Q and TAV strain V (Shi et al., 2008 (Shi et al., , 2009 . We previously constructed a hybrid virus, C1C2 T2B T3, where C and T indicate CMV and TAV, respectively, the numbers indicate RNAs 1, 2 and 3, respectively, and subscript T2B indicates replacement of the CMV 2b gene by the TAV 2b gene (Shi et al., 2003) . This virus was hypervirulent in infected plants, due to the TAV 2b protein and not the overlapping C terminus of the 2a protein (Shi et al., 2003) . After introduction of a stop codon adjacent to the initiation codon for the TAV 2b protein, the virus replicated, but did not move cell-to-cell (Shi et al., 2003) . In this study, we examined the effects of introduced stop codons in the 2b gene on the ability of the encoded, truncated 2b protein to support systemic infection and hypervirulence by TAV-CMV pseudorecombinants (Shi et al., 2003) and to facilitate recombination between TAV and CMV in such pseudorecombinant viruses (Shi et al., 2008 (Shi et al., , 2009 ).
To identify the region in the 2b gene required for systemic infection and/or hypervirulence, we introduced a stop codon in the 2b ORF immediately downstream of the 2a ORF in C2 T2B to generate C2 T2BD52 (Fig. 1) (Shi et al., 2002 (Shi et al., , 2003 (Shi et al., , 2008 . This stop codon would prevent expression of the C-terminal 52 aa of the 2b protein, but not affect the 2a protein. Inoculation of the virus designated C1C2 T2BD52 T3, to Nicotiana clevelandii and Nicotiana glutinosa showed that C1C2 T2BD52 T3 was infectious and induced only mild symptoms in both Nicotiana species (Fig. 2 and data not shown). By contrast, C1C2 T2B T3, induced severe symptoms in both Nicotiana species (Fig. 2 and data not shown). Repeated inoculation of C1C2 T2BD52 T3 gave the same results. RT-PCR and subsequent sequence analysis of the progeny RNA 2 of C1C2 T2BD52 T3 in the infected plants showed that the introduced stop codon was maintained (data not shown). These results indicate that the Nterminal 43 aa of the 2b protein function are sufficient to promote systemic infection of the virus, but not the hypervirulence.
Northern blot hybridization analysis of total RNA extracted from C1C2 T2BD52 T3-infected plants showed that the main viral RNAs (RNAs 1, 2, 3 and 4), as well as minor RNAs 3B and 5 were detected by probes complementary to the 39 NTR of the three RNAs of either CMV or TAV ( Fig.  3a and b, lane 6). The two probes only detected their homologous viral RNAs (compare lanes 2 and 3 in Fig. 3a and b). While RNAs C1 and C2 accumulated to a lesser extent in plants infected by C1C2 T2BD52 T3 than in plants infected by C1C2 T2BD52 C3, these RNAs also accumulated to a lesser extent for the parental pseudorecombinant virus C1C2 T2B T3 (Fig. 3a, lanes 4 and 6 versus 5) . Surprisingly, in plants infected by C1C2 T2BD52 T3 RNAs 3 and 4 were detected by both probes (Fig. 3a and b, lane 6 versus 5). This suggests that part of the population of RNAs 3 and 4 in C1C2 T2BD52 T3 had recombined with a sequence derived from the 39-terminal region of C1 or C2, as observed previously for C1C2 T2B T3 (Shi et al., 2003 (Shi et al., , 2008 . To verify this, the total RNA extract was reverse transcribed using a primer complementary to the 39-terminal sequence of Q-CMV RNAs (C39) and then amplified by PCR with the primer pair C39/T3-1187 (Shi et al., 2008) . Primer T3-1187 corresponds to nucleotide positions 1187-1201 of V-TAV RNA 3. Cloning of this RT-PCR product into the pBluescript SK + vector and then sequencing from both orientations showed that the 39 region of the viral sequence was composed of the 310 nt Q-CMV RNA 1, while the 59 region of 974 nt was identical to nt 1187-2060 of V-TAV RNA 3. This sequence was exactly the same as that found in an RNA 3 recombinant derived from C1C2 T2B T3, obtained using the same primer pair as above and shown to be selected by the TAV 2b protein (Shi et al., 2008) . Thus, the first 43 aa of the 2b protein could also select for the same RNA recombinants in the infected plants as did the intact 2b protein. In addition, most of the population of the RNAs 3 and 4 of C1C2 T2BD52 T3 detected by the TAVspecific probe was smaller in size than RNAs 3 and 4 of the wild-type (wt) V-TAV detected by the same probe (Fig. 3b , lane 2 versus 6). This was caused by deletion of a duplicated 163 nt tandem repeat in the 39 NTRs of RNAs 3 and 4 (Shi et al., 1997b (Shi et al., , 2004 . The same deletions also were observed in the plants infected with the wt V-TAV (Shi et al., 1997b (Shi et al., , 2004 . However, the deletions did not affect systemic infection or virulence (Shi et al., 2004) .
We also introduced a stop codon in the C2 T2B of C1C2 T2B T3 so that only the first 12 aa of the 2b protein would be expressed (see C2 T2BD83 in Fig. 1 ). Inoculation of this mutant virus designated C1C2 T2BD83 T3 to the two Nicotiana species showed that C1C2 T2BD83 T3 did not induce symptoms (Fig. 2 and data not presented) . Repeated inoculation of C1C2 T2BD83 T3 gave the same result. Northern blot analysis of total RNA extracted from the C1C2 T2BD83 T3-inoculated plants showed that the virus had infected the plant systemically (Fig. 3a and b, lane 8) . Determination of the 2b sequence in the viral RNAs present in the infected plants showed that the introduced stop codon was retained (data not presented). These results, combined with our previous result that introduction of the same termination codon in the 2b gene after the initiation codon abolished virus infection (Shi et al., 2003 ; Fig. 1 ), indicate that the first 12 aa of the 2b protein determine the ability of the pseudorecombinant virus to infect plants systemically, while amino acids C-terminal of this sequence in the 2b protein affect virulence, possibly via the suppression of RNA silencing and/or interaction with catalase (Inaba et al., 2011) .
RNAs 3 and 4 were also detected by both the TAV and CMV probes ( Fig. 3a and b , lane 8), indicating that there were also CMV-TAV recombinants present. Characterization of the recombinant RNA 3 by sequencing showed that the RNA was identical in sequence to the recombinant RNA 3 of C1C2 T2BD52 T3. This suggests that the 12 aa peptide is sufficient to select RNA recombinants in the infected plants. However, the 12 aa peptide may not select the recombinants as efficiently as the 43 aa peptide, since the hybridization signals of RNAs 3 and 4 obtained by the CMV-specific probe relative to C1 and C2 were not as high in C1C2 T2BD83 T3 versus C1C2 T2BD52 T3 (Fig. 3a, lane 6  versus 8 ). On the other hand, the virus C1C2 T2BD83 T3 also yielded higher accumulation levels of C1 and C2 than were observed after infection by CMV, C1C2 T2B T3, C1C2 T2BD52 C3, C1C2 T2BD52 T3 or C1C2 T2BD83 C3 (Fig. 3a,  lanes 3-7 versus 8 ).
The introduction of the stop codon in C1C2 T2BD83 T3 also led to an amino acid change (S to L) at position 785 in the 2a protein. To exclude an effect of this alteration on virus infection, a termination codon was introduced into the C terminus-encoding region of the 2a gene, generating C2 T2BD83D2a (Fig. 1 ) from C2 T2BD83 . The 2a protein of this virus should not express the C-terminal 99 aa of the 2a protein including the previously altered amino acid. Inoculation of C1C2 T2BD83D2a T3 to the two Nicotiana species did not induce symptoms in either plant species (data not shown). Northern blot analysis of the progeny RNAs of C1C2 T2BD83D2a T3 from the infected plants showed the viral RNAs were detected by either of the two probes ( Fig. 3a and b, lane 12) . These RNAs accumulated similarly as those of C1C2 T2BD83 T3 (Fig. 3, lane 8 versus 12) . RNAs C1 and C2 also accumulated to higher levels (Fig. 3a, lanes  8 and 12 versus 3, 4, 6 and 11 ). Sequence analysis of the progeny RNA 2 of C1C2 T2BD83D2a T3 showed that the stop codons introduced, respectively, in the ORFs 2a and 2b were both maintained. RNAs 3 and 4 of C1C2 T2BD83D2a T3 also recombined and the sequence of the recombinant RNAs again was identical to those derived from C1C2 T2BD52 T3 or C1C2 T2BD83 T3. These data exclude a role of the C-terminal 99 aa of the 2a protein in systemic infection, virulence and RNA recombination.
We generated an additional mutant to examine the effects of the C terminus of the 2a protein of the chimeric RNA 2 in a C1C2 T2B T3 background. C2 T2BD83D2a was modified to remove the stop codon within the 2b gene, but retained the stop codon in the 2a gene, generating construct C2 T2BD2a (Fig. 1) . Inoculation of C1C2 T2BD2a T3 to N. glutinosa and N. clevelandii induced symptoms in both species as severe as those of C1C2 T2B T3 (Figs 1, 2 and data not shown). Sequence analyses of the progeny RNA 2 confirmed that the stop codon was absent in the 2b ORF, while it was retained in the 2a ORF. Northern blot analysis showed that the RNAs of C1C2 T2BD2a T3 were detected by the two virusspecific probes, but the accumulation profiles were again altered (Fig. 3, lane 10) . RNAs C1 and C2 accumulated at low levels, while RNAs 3 and 4 accumulated at high levels. RNAs 3 and 4 also represented recombinants containing the same 39-terminal sequence of CMV RNA 1 as those did derived from C1C2 T2BD52 T3 or C1C2 T2BD83 T3 (Fig. 3a , lane 10 and data not shown). These results further confirmed that the C-terminal 99 aa of the chimeric CMV-TAV 2a protein have no apparent role in systemic infection, virulence or RNA recombination. Taken together, we concluded that the first 12 aa of the 2b protein determine systemic infection of the C1C2T3 pseudorecombinant virus, sequences in the C-terminal 52 aa of the 2b protein affect the hypervirulence and aa 13-43 of the 2b protein also affect virulence.
Could the maintenance of infection and recombination, be explained by a low level of readthrough of the stop codons for the 12 and 43 aa proteins (Valle et al., 1992) ? We think this is unlikely, since readthrough of either termination codon would have produced the same full-length 2b protein, yet C1C2 T2BD52 T3 and C1C2 T2BD83 T3 gave different symptom responses (Fig. 2) , different RNA accumulation profiles and different levels of accumulation of C1-T3 recombinants (Fig. 3, lane 6 versus 8) . Similarly, C1C2 T2B T3 and C1C2 T2BD2a T3 also gave different accumulation profiles. Thus, we feel that the effects observed can be attributed to the presence or absence of the amino acid sequences not expressed due to the introduction of the corresponding termination codons. We do not know what function this artificial 12 aa oligopeptide may have. However, aa 1-8 have been shown to affect functions of the 2b protein (Ye et al., 2009 ) and deletion of aa 1-17 has been shown to affect the stability of the 2b protein (Lewsey et al., 2009 ).
Thus far, no biologically active oligopeptides encoded by viruses have been identified. However, several biologically active oligopeptides have been identified in various other organisms. These include a 7 aa oligopeptide (microcin C7) encoded by the Escherichia coli plasmid pMccC7, which inhibits protein synthesis of enterobacteriaceae (González-Pastor et al., 1995) ; the 18 aa polypeptide systemin (Pearce et al., 1991) , proteolytically processed from a 200 aa precursor protein, which induces woundinducible proteinase proteins (McGurl et al., 1992) ; and a 28 aa polypeptide processed proteolytically from a preprotein of 63 aa encoded by the avirulence gene 9 (Van den Ackerveken et al., 1993) , which induces necrosis in tomato plants (Schotterns-Thoma & De Wit, 1988) by activating protein kinases (Romeis et al., 1999) . Thus, as there are a number of ORFs in virus genomes encoding proteins of less than 10 kDa, it is likely that some small ORFs existing in the virus genomes might also play a role in virus functions.
